In many applications, water-based dispersions of polymeric particles are dried under welldefined environmental conditions and/or technologies to form a continuous thin layer with special properties and morphology. The aim of this work is to present a recently developed noninvasive technique based on optical reflectometry in visible range used to study the film formation from aqueous mixtures layered up to 25 lm thickness. The sample holder is made of crystalline silicon (c-Si) because the interference fringes generated by the optical beams reflected at the air/liquid sample and liquid sample/c-Si are vital in determining the sample thickness. For the polymeric colloids with minimum film formation temperature higher than the room temperature, the setup is used to determine the evaporation rate and the temperature film formation. The versatility of the experimental setup is increased by a controlled temperature of the sample holder and a controlled microclimate chamber (temperature and relative humidity). Investigations on various aqueous dispersions considering the composition, the viscosity of the liquid, and different types of polymeric colloidal particles have been performed, and some results are discussed here. New challenges lie in analyzing the outputs of the experiments considering the interparticle distance and interparticle interferences.
Introduction
In the field of coatings, paints, and inkjet printing, an aqueous dispersion of polymeric particles is transformed into a continuous material as a thin solid layer with special properties and morphology. The primary stages of this process, called latex film formation, have been studied in the last years. Various methods based on small angle neutron scattering, 1,2 scanning electron microscopy, 3, 4 environmental scanning electron microscopy, 5 atomic microscopy, 6 and optical ellipsometry 7 have been developed to investigate the physical processes related to film formation. It has been experimentally found that the composition of the aqueous mixture (surfactants, solvents), the type, structure, and dimension of the polymeric particles as well as the ambient conditions have an important influence on the film formation and its dynamics. However, understanding the mechanisms by which all these factors affect the film formation process is still a challenging topic.
When an aqueous mixture that contains polymeric particles changes into a solid polymeric thin film, the physical processes that diminish the presence of the liquid phase are, as follows: evaporation if the substrate is nonabsorbent and evaporation + absorption if the substrate is liquid absorbent. The evaporation is a physical process of phase transformation: from liquid phase into gas (vapor) phase. Between the two phases, there is an interface defined by a few monolayers of liquid at the surface. During the evaporation, its temperature is lower by about 5°C than the temperature of the bulk liquid. 8 According to the liquid temperature, the water molecules from the liquid sample vibrate. Statistically, the energy of some molecules during these vibrations will be high enough to break the hydrogen bonds that keep the molecules in the liquid edifice, and they could escape from the interface region. These are the molecules that evaporate. There are situations when the kinetic energy of these molecules is not so high and they remain in the vicinity of the surface. With a certain chance, some of them can be recaptured into the interface region (condensation phenomenon). The difference between the evaporated and the condensed molecules in the unity of time defines the evaporation rate.
Matsumoto, 9 Yang and Pan 10 employed molecular dynamics (MD) simulation to explore the evaporationcondensation dynamics of pure fluids under both equilibrium and nonequilibrium conditions. It was found that at moderate temperature values, the evaporation is a gradual process, while at high surface temperatures, a vapor region is formed between the surface and the liquid mass. This has a big impact on evaporation rate. Also, according to the literature, the thickness of the interfacial region increases approximately linearly with increase in temperature.
It is accepted in the related literature that the evaporation flux may be predicted by the Hertz-Knudsen-Schrage equation 11 or its modified form. However, the experimental determination of evaporation coefficient or condensation coefficient is quite difficult ''as the temperature at the interface cannot directly be measured'' and, moreover, it jumps within a few molecular layers.
It has to be mentioned that by diminishing the liquid component from the mixture, a main result is the increase in concentration for the polymeric particles so that they may interact between them. This interaction is a two-step process: (a) particle deformation (if temperature T > minimum film formation temperature, MFFT) and (b) particles coalescence completed by the interdiffusion of the polymer chains.
Optical spectroscopy has been used, under welldefined approximations, to identify the phases in film formation: evaporation, deformation, and coalescence. The most cited in the literature is the spectroellipsometric model proposed by Tzitzinou et al. 12 The authors have used ellipsometry as a noninvasive tool for studying film morphology as film formation proceeds. The ellipsometry data have been interpreted using a physical model of the morphology based on atomic force microscopy investigations.
The aim of this work is to present a recently developed noninvasive technique, based on optical reflectometry in visible range, used to study the film formation from aqueous mixtures layered up to 25 lm thick. From the beginning, it has to be noted that when the MFFT is smaller than the measurement temperature, MFFT < T meas , the moment of coalescence is unrevealed, while for the polymeric component with MFFT > T meas , this moment is nicely pointed out. As it is shown in the next section, the main physical amount of our analysis is the layer thickness determined via optical reflectometry measurement and spectra simulation. The latter was made with Scout code program. 13 Experimental: setup and data analyzing
Brief presentation of the measurement setup
The advantage of the optical interference phenomena is employed to determine the thickness of a liquid thin film deposited on a perfectly flat and reflective surface. A special measurement setup was designed and realized within a chamber with a controlled temperature and relative humidity. The sample holder is a rectangular (25 9 25 mm 2 ) deep buildup ($ 20 lm) on a crystalline silicon wafer using the lithography technique. An optical beam in VIS range is sent to the liquid placed in the sample holder ( Fig. 1 ). There are two important reflections: the first one at the liquid surface (air/liquid interface) and the second at the liquid/crystalline silicon interface. When these two reflected beams interfere, fringes of interference appear. Analyzing the fringes, we can determine: (1) the thickness of the liquid layer, (2) the moment of film formation, and (3) the thickness of the formed film. Within a simple model, the variation of the liquid composition in time is not considered. A more complicated model for simulating the measured spectra considers the optical properties (refractive and absorption indices) for each component, and the layer composition is a fit parameter together with the layer thickness.
The incident light is brought into the measurement chamber by an optical fiber into an optical condenser (in Fig. 1 labeled with I), which transforms the light into a parallel beam with a specific area; this light is sent to the liquid from the sample holder. From here the reflected light at the two interfaces (air/sample and sample/bottom of the sample holder is collected by the second optical fiber (in Fig. 1 labeled with R). At the other end of the optical fiber, an Ocean Optics spectrometer analyses the reflected spectrum. In Fig. 1 , a drawing of the sample holder and a sketch of the beam paths into the liquid sample are shown. We mention that the beam diameter is very small compared with the dimension of the sample holder (2 mm). In order to avoid difficulties of the reflected spectrum induced by curvature of the liquid surface at the walls of the sample holder, special attention is paid that the measurement point is always in the center of the sample holder surface. To ''visualize'' the liquid evaporation, or the film formation, the reflection spectrum is measured with a certain periodicity (e.g., at each 500 ms). The spectra are recorded with an online computer.
Although at first glance the experimental system may be compared with an ellipsometer, it is much simpler. In ellipsometry measurements, the polarization of light is important; therefore, a polarizer is employed to select ''s'' or 'p'' polarized beam. In the VIS-optical reflectometry, the light beam is obtained from a normal light source. The light polarization is not considered in this investigation, and the measurement system outputs the reflection spectra (as normalized light intensity). The advantage of this method comparing with spectra-ellipsometry is the simplicity.
The versatility of the experimental setup is increased by a controlled temperature of the sample holder and a controlled microclimate chamber (temperature and relative humidity). A small fan homogenizes the nonsaturated vapor partial pressure in the interior of the minichamber and rapidly removes the evaporated water molecules from the region immediately above the sample holder. In this way, the pressure gradient, which is the driving force for evaporation process, is maintained constant. The sample holder can be pulled out of the mini-chamber. The liquid is placed in the sample holder with a pipette and leveled. Introducing the sample holder under the measurement head, the measurement can be started and spectra automatically recorded.
The investigated samples are mixtures of water with polymeric particles. In order to obtain a perfect flat layer of liquid on the sample holder, its surface tension is decreased by adding 1% surfactant. The measurement strategy is (1) water evaporation at room temperature and (2) identifying the coalescence phase of film formation by increasing the sample temperature in a controllable way. Investigations on various aqueous dispersions considering the composition, the viscosity of the liquid, and different types of polymeric colloidal particles have been performed, and some results are presented in this work.
Data analysis
As a result of the interference of the beams reflected by the two interfaces (air/liquid and liquid/substrate, respectively), the reflectance spectrum is characterized by fringes of interference ( Fig. 2 ). Knowing the optical description (refractive and absorption indices) of each component from the investigated liquid mixture, the layer thickness can be calculated using the Scout program. 13 In Fig. 2 , the Scout simulation of the measured reflectance spectrum (continue line) is shown in dotted line. Without getting into details, several particularities of the Scout program are to be mentioned: (a) It is an optical modeling software that computes the reflection spectra from a user-defined layer stack configuration; (b) each layer is characterized by properties as refractive and absorption indexes based on the material that constitutes it and its thickness; (c) using the layer properties, the Scout program, within an optimization routine, produces the reflection and/or transmittance spectra and compares them to the measured spectra; (d) the program is used to characterize materials as well as to trigger processes such as, layer depositions, evaporation, phase changes, etc., and (e) to create the layers stack, there is either the possibility to drag-anddrop materials from its Scout database or to use the effective medium theories (e.g., Maxwell-Garnett 14 ) to determine the properties of composed materials.
For analyzing our reflection spectra, we mention that the layer stack used to simulate the spectrum reproduces the real experiment: air/top layer/liquid mixture/SiO 2 /c-Si/air. The ''top layer'' is formed from mixture of air and liquid mixture; at the beginning of the experiment, when a perfect separation line defines the air/liquid sample interface, the thickness of this top layer is zero. Due to water evaporation, in time some polymeric particles remain partially uncovered by liquid; moreover, the diffusion of the water molecules toward the liquid surface brings more polymeric particles toward the surface, forming a ''top layer'' with a density in polymeric particles slightly higher. The second layer of interest in this simulation is the ''liquid mixture.'' Due to water evaporation, the thickness and the composition vary in time. The refractive index and the absorption index are calculated by the Scout program as a function of the layer composition using the Maxwell-Garnett effective medium model. In this way, the optical parameters are updated by the simulation program for each measured composition. 15 The thickness and the composition the ''top layer,'' as well as the thickness and the composition of the ''liquid mixture'' layer, are the simulation parameters in Scout analysis. Figure 2 shows the measured reflection spectra and the simulated ones for two different moments of the experiment: at the beginning when the distance between fringes is small and at the end when the evaporation was finished. The spectrum in the latter situation is characterized by a small number of fringes, considering the same wavelength range.
The multiple spectra collected with a periodicity of 1 s during the whole experiment are revealed in Fig. 3 as a color-scale 3D plot: The Ox axis is the wavelength of the used beam for measurements (in this case the visible domain), the Oy axis gives the moment of spectrum measurement (the origin for time is the beginning of the experiment), and reflectance level is given by the color scale. The water evaporation decreases the liquid thickness, and this is revealed in time by the inter-fringe distance that increases and the fringes' maxima (the yellow color in Fig. 3 ) that shifts toward the low wavelength values.
Using the technique of spectrum simulation, the layer thickness is calculated for each measured spectrum. Plotting the layer thickness versus measurement time, the evaporation rate is easily determined.
Reflectometry measurements
The case of pure water Using a sample formed from 99% water + 1% surfactant, the evaporation at room temperature can be revealed with this setup. After recording the measured spectra at each 1 s during the experiment, the 3D-like plot is constructed ( Fig. 4 ). Because the layer of water becomes thinner and thinner in time, the inter-fringe distance increases in the reflection spectra. Moreover, the decrease in thickness of the liquid layer is revealed by the shift of the fringes' maxima toward the low values of the wavelength. Since there is no other process involved in decreasing the layer thickness, we can say that the shift of the optical fringes toward small values of the wavelength is a good indicator of water evaporation. When all water is evaporated, an ultrathin nonuniform layer of surfactant remains on the silicon surface (visible with the naked eye); it has to be mentioned that this layer is too thin to be revealed by this spectrometric measurement.
According to the description given above, the end of the evaporation process can be clearly seen in Fig. 4 : after 22 s from the beginning of the experiment.
Using the Scout spectrum simulation, the variation in time of the layer thickness due to the evaporation process can be determined. Such a variation is shown in For the latter, where almost all water was evaporated, the errors bar is large, (20-25%). This layer is formed from surfactant and some possible trapped water molecules. The layer is inhomogeneous and island-like structured (seen by necked eyes). As it will be shown in the next section, when the remaining thin film is consistent, continuous, and homogeneous (formed from polymeric particles with/without cosolvents), the accuracy in thickness determination is very good. The resultant evaporation rate is 92.4 nm/s for the 99% H 2 O + 1% surfactant sample.
The case of water/polymeric particles mixtures When polymeric colloidal particles are added to the water + surfactant solution, after the evaporation of all water molecules, a thin film is obtained. If the measurement temperature (T meas ) is larger than the polymer MFFT, then the film is compact, hard and optically transparent. This means that the polymeric particles have coalesced and formed a solid film. Further increasing the measurement temperature is without noticeable change from a film formation point of view. If T meas < MFFT, the water evaporates from the mixture and a ''porous structure'' is formed from the polymeric particles (in many cases they are considered spherical shape) that touch each other in the so-called deformation phase of film formation. The pores formed between spheres are filled with liquid in the beginning and with air when the liquid evaporates. Increasing the temperature, coalescence happens when T meas = MFFT. Once the film is formed, a further increase in temperature will not change the layer thickness.
We mention that the pores formed between the polymeric particles during the evaporation and deformation phases of the latex film formation process are of interest when the dynamics of particles deformation is studied. Such studies have been made and published; an interesting overview of the deforming spherical particles into void-free films for surfactant-free homopolymer, latexes containing surfactants, as well as the more complex copolymer, blended, core-shell, and pigmented systems was made by Steward et al. 16 Considering the aim of this work, various types of polymeric mixtures based on acrylic copolymer emulsions of DSM Neoresins 17 (from the NeoCryl family) have been investigated with our VIS reflectometry measurement system. The particles diameter was between 50 and 200 nm. In this paragraph, we present some results of water/polymeric particles mixtures: one with low MFFT (2-9°C) and another one with high MFFT value.
Polymeric particles with MFFT > T room
Following the same route described in the previous section, Figure 6 shows the 3D color-scale plot for the water evaporation experiment and the evaporation rate at room temperature and relative humidity 35% from a mixture that contains 10% polymeric colloidal particles. On the figure from the left side, the decrease in the layer thickness of the investigated liquid is clearly revealed, as well as the end of the water evaporation that happened at 40 s. As we have discussed in the previous section, the fringes ''shift'' toward the smaller wavelength values, when the layer thickness decreases and they are ''frozen'' in vertical ''column-like'' structures with a large inter-fringe distance. All these findings from the 3D color-scale plot are confirmed when the layer thickness is calculated using the Scout spectra simulation and represented against time. The thickness of the sample at the beginning of the experiment was 4177 nm, and the thickness of the layer after water evaporation was 561.3 nm. We noted that the constant thickness of the remained layer formed from polymeric particles and eventual trapped water between them. More information is available when the temperature of the sample holder is increased. This temperature is monitored synchronously with the measurement of the reflectance spectra, so we have the sample temperature for any spectrum. After the evaporation ends, at 85 s, the heater is powered, while the reflectance spectra are recorded with the same regularity. The results of the experiment are shown in Fig. 7 : Up to 12 min (t = 720 s), the thickness of the layer remains constant although the temperature increases. Then, the fringes shift toward the small values of the wavelength, as the layer thickness shrinks. From t = 920 s, the layer thickness is constant again, d = 432.9 nm, although the temperature increases more. Figure 8 shows a plot of the layer thickness against the sample temperature. From the thickness of 561.3 nm at the end of the first part of the experiment (evaporation at room temperature), the polymeric particles layer shrinks down to 432 nm when the temperature increases up to 100°C. This means a reduction in layer thickness of 23.1% by film formation from the ''spherical'' polymeric particles packed during/after the water evaporation.
Although the compactness of the formed layer was not investigated via specific techniques, we propose that the latex particles at this stage have coalesced. The final thickness (432.9 nm) represents 10.36% from the initial thickness of the sample (4177 nm); the latter is formed from 10% latex, 0.5% surfactant and 89.5% water. We consider that, within the measurement errors, these results match well (the mass density of our latex is 1.04 g/cm 3 ). Therefore, our experimental reflectometry measurements provide information regarding the compactness of the polymeric particles layer.
Looking more in detail to the thickness versus time plot, we can say that beginning with t = 600 s, there is a slight decrease in the layer thickness that becomes abrupt at a certain moment (t = 840 s) when the temperature exceeds the MFFT value. The first variation corresponds to the deformation phase when the capillary forces act, reducing the dimension of the pores formed between the polymeric particles; the second one is the coalescence phase that results in the solid polymeric thin film.
A better picture is obtained representing the layer thickness versus the sample temperature ( Fig. 8) . Another interesting result that is immediately revealed by such a representation is the value of MFFT parameter: 92 ± 2°C. Therefore, this method besides the evaporation rate of water molecules reveals the value of the MFFT parameter, if this is larger than the measurement temperature when the evaporation happened.
Polymeric particles with MFFT < T room
A similar aqueous mixture but with colloidal particles characterized by a MFFT value smaller than the room temperature (where the water evaporation takes place) is investigated, and the measurement results are shown in Fig. 9 . Both parts of the experiment, the water evaporation at room temperature (left side) and the layer evolution during the temperature increase (right side plot), are presented in this figure. The latter step of the experiment clearly shows no changes in the layer thickness when the temperature is varied between 22 and 100°C: The structure of the fringes is ''frozen'' to their shape at the end of water evaporation. This is equivalent to saying that no structural changes have been induced by the temperature. Using polymeric colloidal particles with MFFT < T room (this value is known from the technical details of the used lattices), the film formation happened during the water evaporation.
The evaporation rate during the first part of the experiment is immediately calculated from the plot of layer thickness versus time, in the first part of the measurement. Figure 10 displays such a plot revealing: (a) the evaporation rate as 90.9 nm/s and (b) the layer thickness varying from an initial value 3279.9 nm to a final value of 355.8 nm. This means that the thickness of the formed film represents 10.8% from the initial thickness of the aqueous mixture with 10% latex.
Discussion
Optical spectroscopy methods are versatile tools to investigate with high accuracy the processes of phase transformation when the measurement setups are specially designed. Although the method of reflectometry in visible range is well-known, its application to reveal the film formation from aqueous mixtures with polymeric colloidal particles was not reported. Using Fig. 9 : Studying the film formation from an aqueous mixture with polymeric colloidal particles characterized by MFFT < T room with VIS reflectometry the liquid evaporation is revealed. No information about the deformation and coalescence phases is obtained in this case our setup described in the ''Experimental: the setup and data analyzing'' section, the main steps in film formation, evaporation, deformation, and coalescence, are presented. These three physical processes are better defined by their results 18 :
(a) Evaporation of liquid component from the mixture is leading to close packing of the polymeric particles; (b) Deformation of the particles from their spherical shape is leading to a continuous structure, without voids, although the individual particles are distinguishable (SEM, AFM pictures); (c) Coalescence is the process in which the polymeric chains from colloidal particles inter-diffuse across the particles boundaries and tangle, strengthening the film.
There is a ''red thread'' that connects these three steps and that is the distance between the colloidal particles. This parameter reduces continuously when water evaporates and when the particles deform. The variation in time of this averaged distance depends on the physicochemical properties of the mixture:
• when the evaporation has a constant rate, the decrease in the averaged distance is constant in time; • when the diffusion of the liquid molecules toward the surface limits the evaporation rate, the variation of the averaged distance is smaller; • during the deformation process, this variation can be very different, depending on the involved forces. 18 These forces have been classified as: (a) attractive: capillary forces, surface forces, van der Waals forces, etc.; (b) repulsive: deformation forces, electrical forces, etc. 19 We have deliberately chosen a simple mixture: water/polymeric colloidal particles/surfactant in order to show the utility of our optical method in revealing these steps in the film formation process. The evaporation process is described in experiments where various samples have been used: pure water, water mixed with polymeric particles (proportion 89/10) where the latter was particularized according to the MFFT parameter versus the room temperature. The water evaporation was at room temperature and RH = 45%. From the data presented in Figs. 5, 6, and 10, the water evaporation rate under these conditions has been 92.4 nm/s, 90.4 nm/s, and 90.9 nm/s, respectively. These results are in line with our expectations considering that the measurements have been made under the same environmental conditions. The slight low evaporation rate from the mixtures with polymeric particles when compared with the case of pure water can be related to the presence of colloidal particles.
We mention that the two types of polymeric particles (lower and larger MFFT) had the same particle diameter, which means the same surface in contact with water. The relative humidity has an important influence on the evaporation rate; this is shown in Fig. 11 where the facilities to change the relative humidity into the measurement climate minichamber have been used. For all the experiments, the temperature was the room temperature and the evaporated water molecules have been removed by a constant air flow. When the relative humidity increases, the evaporation rate decreases proportional to a factor of 1.6. This factor is dependent on temperature and air flow in the measurement mini-chamber.
Another important result of these measurements is the remaining layer after the evaporation:
• For low MFFT polymeric particles mixture, the layer thickness varies from 3279.9 to 355.8 nm, which means 10.8%. The resulting layer was very Fig. 11 : The evaporation rate of water from mixture with low MFFT polymeric particles depends on the relative humidity above the sample holder. Note that the evaporation happened at room temperature strong mechanically and shiny (glossy) optically; • For high MFFT colloidal particles mixtures, the layer diminishes due the evaporation from 4177 to 561.3 nm, which represents 13.44%. That is the situation at the end of the so-called evaporation phase of the film formation. In our opinion, for the samples with polymeric particles characterized by MFFT larger than the temperature where the evaporation happens, a distinction between the deformation phase and the coalescence phase is easily made; the layer thickness representative for deformation is 561.3 nm for the here-described experiment. Increasing the temperature, the capillary forces will increase because the capillary space (the porous between the polymeric particles) decreases in radius. Chains from the polymeric entities will inter-diffuse and entangle with the nearest neighbors, and after the coalescence, a solid film will be formed. Its thickness will be smaller than the thickness of the layer formed from particles in contact (deformation); as we have reported in the previous section, in our experiment, the final thickness was 432 nm, which is 10.3% from the initial thickness or 76.9% from the thickness of the deformation phase.
The deformation phase in latex film formation was extensively studied, and various models are presented in the literature. In the following, we will use the Routh and Russel (R&R) 18, 20 works in order to get more insight into our samples film formation. Within a model based on viscoelastic interactions between the particles, 18 the authors use the macroscopic strain normal to the substrate-a physical amount related to the local volume fraction. The core of the R&R model is the equation that governs the compaction (eq. (8) in reference ( 18 )), where three dimensionless parameters (ratios) that uniquely control the deformation process are introduced:
These three parameters together with the Peclet number Pe ¼ 6plR 0 EH ð Þ = k B T ð Þ give information about wet or dry sintering, with or without skin formation (vertical inhomogeneity in drying). In these definitions, R 0 is the particle radius, E is the evaporation rate, H is the initial film thickness, g 0 is the low shear viscosity, g ¥ is the high-frequency viscosity, c wa is the water-air surface tension, G ¥ is the high-frequency stress relaxation modulus, l is the water viscosity, k B is the Boltzmann constant, and T is the measurement temperature. The R&R model has introduced the so-called parameter space as k ¼ f Pe ð Þ, where four main regimes of the deformation mechanisms are defined, with and without skin formation (table 1 in reference ( 18 )): wet sintering ( k\1), capillary deformation (1\ k\10 2 ), receding water front (10 2 \ k\10 4 ), and dry or moist sintering ( k[10 4 ).
It is important to find where the experiments here presented are in this space. To calculate the k parameter and the Pe number, we will consider: R 0 = 36 nm, E = 92 nm/s, H = 4200 nm, l = 1.002 9 10 À3 Ns/m 2 , c wa = 0.05 N/m (will depend on local surfactant concentration), g 0 = 7 9 10 6 Ns/m 2 for the high MFFT latex, and g 0 = 8.5 9 10 2 Ns/m 2 for the low MFFT latex. The latter values have been determined from rheological measurements performed on special prepared pill-like dried latex sample. Both values are measured at T meas = 100°C. With these values, the results are (1) Pe = 0.062 for high MMFT latex and Pe = 0.049 for low MFFT latex; both of them are Pe > 1, which means no skin formation, according to the R&R deformation map and (2) k ¼ 1:44 for high MFFT latex and, respectively, k ¼ 1:35 Â 10 À5 for the latex with low MFFT value. With these values, considering the regimes of deformation mechanisms defined by R&R (figure 3 in reference ( 18 )), the latex film formation is in wet sintering regime for the low MFFT latex ( Fig. 9 ) and in dry regime with capillary deformation for the high MFFT latex. The latter is expected because the water evaporation was at room temperature ( Fig. 6 ) and then the sample temperature was increased to form the film (Fig. 7 ).
Concluding remarks
The results presented here are promising for further studies. The reflectometry in the visible domain has proven to be a worthy candidate for investigating the film formation from aqueous mixtures that contain polymeric colloidal particles. The measurement setup and method can be used to reveal the physical processes during the film formation. Using 3D-like color-scale representation, qualitative information about the entire process of film formation has been obtained. Furthermore, using the spectrum simulation method of the Scout program, details of the involved processes have been quantitatively revealed.
Polymeric materials with MFFT values lower and higher than the room temperature have been investigated. The evaporation rate of various mixtures has been studied at room temperature. The deformation and coalescence phases have been pointed out for mixtures with larger MFFT value. The method reveals the MFFT value for samples characterized by MFFT > room temperature. In this work, such an example was shown in a two-step experiment: water evaporation at room temperature followed by temperature increase in the remaining layer. We remark that the use of other liquids with evaporation temperature higher than water in the initial mixture is possible; the method will provide information regarding the evaporation rate and film formation temperature if the liquid completely evaporates at temperatures smaller than the MFFT characteristic value (this is a limit of the measurement method).
The method presented here is a versatile tool in doing research on polymer film formation, when the liquid sample is placed, as a thin layer, on a perfectly smooth and reflective surface. Once the substrate is a rough surface (e.g., porous paper), the formation of optical fringes is lost, and the method cannot be applied.
This work opens up a range of options for further research for both industrial applications (e.g., in coating and/or printing industry) and a better theoretical understanding of the latex film formation.
